Introduction
============

Shift work has progressed in response to changes in economic pressure and greater consumer demand for 24 hour services.[@ref1] [@ref2] Increased shift work has many economic advantage, including higher employment, increased services to customers, and improved trade opportunities.[@ref3] One in five employees in the US works non-standard hours in the evening or night or works rotating shifts.[@ref4] Health workers make up one third of shift workers, and nurses are the largest group. Nurses have to work shift work schedules to provide services around the clock, which can disrupt social and biological rhythms, increasing health and safety risks. Consequently, the National Institute for Occupational Safety and Health has provided courses since 2015 to train nurses and managers on the risks of shift work as well as strategies to reduce these risks.[@ref5] In nurses and other shift workers, shift work, especially night shift work, has been associated with a higher risk of chronic diseases, including type 2 diabetes, cardiovascular disease, and several types of cancer.[@ref6] [@ref7] [@ref8]

Compelling evidence from well designed observational studies and clinical trials has shown that body weight and lifestyle behaviors, including smoking, diet, and physical activity, can influence risk of type 2 diabetes.[@ref9] [@ref10] [@ref11] [@ref12] Among shift workers, excess adiposity and increased smoking are frequently and consistently reported,[@ref13] [@ref14] [@ref15] whereas the evidence on physical activity is mixed.[@ref16] Some studies observed alterations in eating habit and specific nutrient intake among shift workers,[@ref17] [@ref18] [@ref19] but the evidence on overall quality of diet across different shift work categories is sparse. To our knowledge, no previous study has examined the joint associations of duration of rotating night shift work and unhealthy lifestyle factors with risk of type 2 diabetes or evaluated their potential interactions.[@ref3] [@ref16]

Therefore, we analyzed data for participants in two large prospective cohorts to test the hypothesis that rotating night shift work and unhealthy lifestyle factors were jointly associated with risk of type 2 diabetes. We then quantitatively calculated the proportions of this joint association for rotating night shift work, unhealthy lifestyle factors, and their interaction.

Methods
=======

Study population
----------------

We used data from the Nurses' Health Study (NHS) and NHS II. The NHS began in 1976 when 121 701 female registered US nurses, aged 30 to 55 years, responded to a baseline questionnaire. The NHS II started in 1989 and included 116 677 female registered US nurses, aged 25 to 42 years. In the NHS and NHS II, baseline and follow-up questionnaires were sent to participants every two years to update medical and lifestyle information over the follow-up period. Participants completed an initial food frequency questionnaire in 1980 for NHS and 1991 for NHS II. Food frequency questionnaires were updated approximately every four years thereafter. The follow-up rates exceeded 90% in both cohorts.

We used 1988 as baseline for the NHS and 1991 for NHS II, when information on both rotating night shift work and all lifestyle factors was first ascertained. At baseline, we excluded participants with a self report of diabetes, coronary heart disease, stroke, or cancer, as the diagnosis of these diseases could potentially lead to changes in their lifestyle or the shift work routine. We further excluded participants with missing data on shift work and important covariates including age, diet, physical activity, smoking status, or body weight. The final analysis included 55 324 participants from the NHS and 88 086 participants from the NHS II. The details of the exclusions are shown in supplementary figure A.

Ascertainment of rotating night shift work
------------------------------------------

In 1988 the NHS participants were asked the following question: "What is the total number of years during which you worked rotating night shifts (at least three nights per month in addition to days/evenings in that month)?", with eight pre-specified response categories (never, 1-2, 3-5, 6-9, 10-14, 15-19, 20-29, and ≥30 years). In 1989 the NHS II participants were asked the same question with seven pre-specified response categories (never, 1-2, 3-5, 6-9, 10-14, 15-19, and ≥20 years). We updated this information in 1991, 1993, 1997, 2001, 2005, 2007, and 2009 in NHS II. In 1991, 1993, 1997, 2007, and 2009 we collected information on the total number of months during which the nurse had worked rotating night shifts in the previous two years, with pre-specified response categories (none, 1-4, 5-9, 10-14, 15-19, and ≥20 months). Additionally, in 2001 we asked about duration of rotating night shifts in 1993-95, 1995-97, 1997-99, and 1999-2001. In 2005 we collected data on the duration of rotating night shifts in 2001-03 and 2003-05. We assigned and added together midpoint values in years and calculated the cumulative years of rotating night shifts for the NHS II women. The analyses reported here used baseline assessments of lifetime shift work history in the NHS and cumulative shift work exposure through 2009 in the NHS II.

Ascertainment of lifestyle factors
----------------------------------

We included four lifestyle factors: diet, physical activity, smoking, and body mass index. Diet was assessed every four years with a validated food frequency questionnaire that asked how often, on average, a participant had consumed a particular amount of a specific type of food during the previous year.[@ref20] Intakes of nutrients were calculated by multiplying the frequency of consumption of each unit of food by its nutrient content. Quality of diet was assessed using the Alternate Healthy Eating Index (AHEI) score. Briefly, points were assigned for intake of each component on a scale from 0 to 10, with 10 indicating adherence to the recommended levels of servings per day. We included 10 components of the index in our diet score: high intakes of vegetables, fruit, nuts, whole grains, polyunsaturated fatty acids, and long chain omega-3 fatty acids; and low intakes of red and processed meats, sugar sweetened drinks, trans fat, and sodium. In our previous analyses, the AHEI score was strongly associated with the risk of type 2 diabetes.[@ref21]

Levels of physical activity were investigated using a validated questionnaire, which was updated every two years.[@ref22] We estimated the number of hours that participants spent each week doing moderate to vigorous activities (including brisk walking) requiring at least the expenditure of at least 3 metabolic equivalent units (MET) per hour. The validity and reproducibility of the questionnaire has been evaluated in a representative sample of participants (n=147) in the NHS II and reported previously.[@ref23] The overall correlation between physical activity reported on recalls and on questionnaire was 0.79, and the correlation between moderate to vigorous physical activity reported in diaries and on questionnaires was 0.62.[@ref23]

Smoking habits were categorized as never smoker, former smoker, or current smoker (including the number of cigarettes smoked per day) and updated every two years. Body mass index was calculated as self reported weight (kg) divided by height in meters squared. In our validation study, the correlation between self reported and technician measured weight was 0.97.[@ref24]

Definition of unhealthy and healthy lifestyle
---------------------------------------------

We defined low risk lifestyle factors as normal weight (body mass index ≥18.5 and \<25), not smoking, physical activity levels of at least 30 minutes a day at moderate to vigorous intensity, and AHEI score in the upper two fifths.[@ref25] For each unhealthy lifestyle factor, participants received a score of 0 if they met the criterion for low risk or 1 otherwise.

Assessment of other confounders
-------------------------------

Information on potential confounders was assessed and updated every other year via the questionnaires throughout follow-up. This information included age, marital status, living status, use of aspirin, use of multivitamins, menopausal status and postmenopausal hormone use, oral contraceptive use, prevalent hypertension and hyperlipidemia, and drug treatment for high blood pressure and high lipid concentrations. Alcohol use was assessed and updated every four years from the food frequency questionnaires.

Ascertainment of incident type 2 diabetes
-----------------------------------------

In both cohorts, cases of type 2 diabetes were identified by self report and confirmed by a validated supplementary questionnaire. We considered a case of type 2 diabetes to be confirmed if at least one of the following was reported on the supplementary questionnaire according to the National Diabetes Data Group criteria: one or more classic symptoms (excessive thirst, polyuria or frequent urination, weight loss, hunger) plus fasting plasma glucose concentrations of at least 7.8 mmol/L or random plasma glucose concentrations of at least 11.1 mmol/L; at least two elevated plasma glucose concentrations on different occasions (fasting plasma glucose concentrations of at least 7.8 mmol/L, random concentrations of at least 11.1 mmol/L, and/or two hour blood glucose concentrations of at least 11.1 mmol/L during oral glucose tolerance testing) in the absence of symptoms; or treatment with hypoglycemic drugs (insulin or oral hypoglycemic agent).[@ref26] For cases identified after 1998, we applied the American Diabetes Association's criteria, in which the threshold for fasting plasma glucose changed from 7.8 mmol/L to 7.0 mmol/L.[@ref27] The validity of the supplemental questionnaire was established by a review of medical reports.[@ref28] In a random sample of 62 cases in the NHS that were confirmed by the supplementary questionnaire, 61 (98%) cases were reconfirmed after medical records were reviewed by an endocrinologist blinded to the supplementary questionnaire.[@ref28]

Statistical analysis
--------------------

We age standardized the participants' baseline characteristics except age, according to duration of rotating night shift work, to allow populations to be compared. Participants contributed person time from the return of the baseline questionnaire (NHS, 1988; NHS II, 1991) until the date of diagnosis of type 2 diabetes, death, loss to follow-up, or the end of the follow-up period (30 June 2012 for the NHS and 30 June 2013 for NHS II), whichever came first. We used multivariable time dependent Cox proportional hazards models to estimate hazard ratios and 95% confidence intervals for the associations between shift work alone and in combination with unhealthy lifestyle factors and incident type 2 diabetes. We used the two year follow-up intervals to construct the time intervals. If a participant quit rotating night shift work, we used the cumulative shift work duration in the last interval.

For the association between duration of rotating night shift work and risk of type 2 diabetes, we selected participants without a history of rotating night shift work as the reference group. A linear trend was quantified across rotating night shift work duration categories by assigning the median value to each category and modeling this variable as a continuous variable. In multivariable analysis, we adjusted for several confounding factors including ethnicity, family history of diabetes, living alone or with others, marital status, menopausal status and postmenopausal hormone therapy use, oral contraceptive use (NHS II only), smoking status, alcohol consumption, physical activity, and the AHEI. In a subsequent model, we additionally adjusted for body mass index.

We examined the associations of the overall unhealthy lifestyle score and the individual lifestyle factors with risk of type 2 diabetes by adjusting for the covariates listed above. Each individual lifestyle factor was mutually adjusted for each other. We then classified participants according to the joint categories of rotating night shift work duration and the number of unhealthy lifestyle factors. We used updated levels of lifestyle factors to calculate the unhealthy lifestyle score from the most recent questionnaire. Using multiplicative and additive interaction analyses, we evaluated whether the associations between rotating night shift work duration and type 2 diabetes differed by number of unhealthy lifestyle factors.[@ref29] [@ref30] We tested for the presence of multiplicative interaction by including a cross-product term between rotating night shift work duration and unhealthy lifestyle score in our fully adjusted multivariable model. We then compared the −2 log likelihood values in models with and without the cross-product interaction term. To assess additive interaction between rotating night shift work duration and unhealthy lifestyle on risk of type 2 diabetes, we considered duration of rotating night shift work and the number of unhealthy lifestyle factors as two continuous variables. The relative excess risk due to interaction was assessed as an index of additive interaction.[@ref31] We also examined the decomposition of the joint effect: the proportion attributable to rotating night shift work alone, to unhealthy lifestyle alone, and to the interaction.[@ref31] Briefly, on the hazard ratio scale, we decomposed the joint excess relative risk for both exposures (HR~11~−1) into the excess relative risk for shift work alone (HR~01~−1), unhealthy lifestyle alone (HR~10~−1), and relative excess risk due to interaction (RERI). Specifically, we have HR~11~−1=(HR~01~−1)+(HR~10~−1)+RERI. We then likewise calculated the proportion of the joint effect due to shift work alone (HR~01~−1)/(HR~11~−1); due to unhealthy lifestyle alone (HR~10~−1)/(HR~11~−1); and due to their additive interaction, RERI/(HR~11~−1).

Owing to differences in age, follow-up time, and the questionnaires in the two cohorts, we did all analyses separately in each cohort to achieve better control of confounding. We pooled the hazard ratios from the multivariable adjusted models in each cohort to obtain a summarized risk estimate by using an inverse variance weighted, random effect meta-analysis. We used the Cochrane Q statistic and the I^2^ statistic to examine the heterogeneity of associations between the cohorts.

We did several sensitivity analyses to test the robustness of our results. Firstly, we additionally adjusted for prevalent hypertension and hyperlipidemia and for drug treatment for high blood pressure and high lipid concentrations. Secondly, we did analyses to assess the joint association of duration of rotating night shift work and unhealthy lifestyle with risk of symptomatic type 2 diabetes, defined as participants who reported at least one symptom of diabetes. Thirdly, to test whether our results were biased by stopping updating selectively, we used baseline levels of lifestyle factors to calculate the unhealthy lifestyle score. Fourthly, because body mass index had a strong and positive association with risk of type 2 diabetes, we removed it from our lifestyle factors score. Fifthly, we created a weighted unhealthy lifestyle score in which each unhealthy lifestyle factor was weighted on the basis of the multivariable regression coefficient of its association with type 2 diabetes. Finally, we used fixed effects, rather than random effects, models. We used SAS 9.3 for UNIX for all analyses and set statistical significance at a two tailed P value below 0.05.

Patient involvement
-------------------

No patients were involved in setting the research question or the outcome measures, nor were they involved in the design and implementation of the study. There are no plans to involve patients in dissemination.

Results
=======

[Table 1](#tbl1){ref-type="table"} shows age and the age adjusted characteristics of study participants at baseline according to categories of duration of rotating night shift work. In both cohorts, compared with women with no history of rotating night shift work, those with more years spent in rotating night shift work were more likely to be current smokers and to have higher body mass index. With increasing duration of rotating night shift work, the participants were older in the NHS; a greater proportion of women were unmarried and lived alone in the NHS II. No appreciable differences in quality of diet and amount of physical activity were apparent across durations of rotating night shift work.

###### 

Age and age adjusted characteristics of participants according to duration of rotating night shift work at baseline. Values are numbers (percentages) unless stated otherwise

  Characteristics                                             Duration of rotating night shift work (years)                               
  ----------------------------------------------------------- ----------------------------------------------- ------------- ------------- -------------
  **Nurses' Health Study 1988 (n=55**  **324)**                                                                                           
  Total                                                       22 603 (41)                                     23 008 (42)   3677 (7)      6036 (11)
  Mean (SD) age, years                                        53.4 (7.1)                                      53.7 (7.1)    54.5 (7.0)    55.5 (6.9)
  Mean (SD) body mass index                                   25.1 (4.6)                                      25.2 (4.6)    25.8 (5.0)    26.4 (5.1)
  Mean (SD) total energy intake, kcal/day                     1751 (520)                                      1788 (523)    1777 (540)    1787 (546)
  Mean (SD) Alternate Healthy Eating Index                    45.9 (10.5)                                     46.3 (10.5)   46.3 (10.5)   45.5 (10.1)
  Mean (SD) alcohol intake, g/day                             6.2 (10.7)                                      6.4 (10.6)    6.0 (10.5)    5.4 (10.2)
  Mean (SD) moderate to vigorous intensity exercise, h/week   1.9 (3.3)                                       2.2 (3.5)     2.0 (3.3)     2.1 (3.6)
  White ethnicity                                             22 151 (98)                                     22 548 (98)   3603 (98)     5855 (97)
  Current smoker                                              3843 (17)                                       3911 (17)     772 (21)      1388 (23)
  Married                                                     16 726 (74)                                     17 026 (74)   2611 (71)     4165 (69)
  Living alone                                                2260 (10)                                       2301 (10)     404 (11)      724 (12)
  Postmenopausal                                              15 822 (70)                                     16 106 (70)   2611 (71)     4467 (74)
  Family history of diabetes                                  6329 (28)                                       6672 (29)     1140 (31)     1871 (31)
  **Nurses' Health Study II 1991 (n=88**  **086)**                                                                                        
  Total                                                       30 100 (34)                                     44 720 (51)   8242 (9)      5024 (6)
  Mean (SD) age, years                                        36.3 (4.7)                                      35.9 (4.7)    35.9 (4.5)    37.7 (3.9)
  Mean (SD) body mass index                                   24.2 (5.0)                                      24.4 (5.2)    25.2 (5.7)    25.9 (6.0)
  Mean (SD) total energy intake, kcal/day                     1765 (536)                                      1794 (548)    1803 (560)    1828 (576)
  Mean (SD) Alternate Healthy Eating Index                    43.6 (10.5)                                     44.3 (10.5)   44.1 (10.4)   43.3 (10.5)
  Mean (SD) alcohol intake, g/day                             3.0 (6.0)                                       3.3 (6.2)     3.2 (6.0)     2.9 (5.8)
  Mean (SD) moderate to vigorous intensity exercise, h/week   2.2 (3.5)                                       2.4 (3.8)     2.6 (3.9)     2.6 (4.1)
  White ethnicity                                             28 896 (96)                                     42 931 (96)   7830 (95)     4773 (95)
  Current smoker                                              3311 (11)                                       5366 (12)     1154 (14)     854 (17)
  Married                                                     24 381 (81)                                     34 882 (78)   5934 (72)     3567 (71)
  Living alone                                                2107 (7)                                        3578 (8)      824 (10)      603 (12)
  Postmenopausal                                              903 (3)                                         1342 (3)      247 (3)       201 (4)
  Family history of diabetes                                  4515 (15)                                       7155 (16)     1401 (17)     955 (19)

All variables except age are age standardized.

We documented 5474 incident cases of type 2 diabetes during 1 139 597 person years of follow-up in the NHS and 5441 cases during 1 778 721 person years of follow-up in NHS II. We observed a positive association between duration of rotating night shift work and risk of type 2 diabetes in both cohorts. Compared with women without rotating night shift work, the pooled multivariable adjusted hazard ratios for women with 1-5, 5-9, and 10 or more years of rotating night shift work were 1.11 (95% confidence interval 1.00 to 1.22), 1.28 (1.10 to 1.49), and 1.46 (1.33 to 1.62) (P for trend \<0.001) ([table 2](#tbl2){ref-type="table"}). When we further adjusted for updated body mass index, the association was attenuated but remained significant for rotating night shift work duration of at least five years (hazard ratio 1.04 (1.00 to 1.09) for 1-5 years; 1.09 (1.02 to 1.17) for 5-9 years; 1.16 (1.09 to 1.24) for ≥10 years; P for trend \<0.001).

###### 

Multivariable adjusted hazard ratios (95% CI) of type 2 diabetes according to duration of rotating night shift work

  Cohorts                                                               Duration of rotating night shift work (years)   P value for trend                                                 
  --------------------------------------------------------------------- ----------------------------------------------- --------------------- --------------------- --------------------- ---------
  **Nurses' Health Study (1988-2012)**                                                                                                                                                    
  Cases/person years                                                    2068/470 118                                    2200/477 555          405/73 963            801/117 961           \-
  Incidence rate (per 10^5^ person years)                               440                                             461                   548                   679                   \-
  Age adjusted                                                          1.00 (reference)                                1.04 (0.98 to 1.11)   1.24 (1.12 to 1.38)   1.53 (1.41 to 1.66)   \<0.001
  Multivariable adjusted[\*](#t2n1){ref-type="table-fn"}                1.00 (reference)                                1.04 (0.98 to 1.10)   1.18 (1.06 to 1.31)   1.39 (1.28 to 1.51)   \<0.001
  Further adjusted for lifestyle[†](#t2n2){ref-type="table-fn"}         1.00 (reference)                                1.05 (0.99 to 1.12)   1.18 (1.06 to 1.31)   1.39 (1.28 to 1.51)   \<0.001
  Further adjusted for body mass index[‡](#t2n3){ref-type="table-fn"}   1.00 (reference)                                1.02 (0.96 to 1.09)   1.07 (0.96 to 1.19)   1.16 (1.06 to 1.26)   \<0.001
  **Nurses' Health Study II (1991-2013)**                                                                                                                                                 
  Cases/person years                                                    1373/546 331                                    2583/886 635          733/198 018           752/147 737           \-
  Incidence rate (per 10^5^ person years)                               251                                             291                   370                   509                   \-
  Age adjusted                                                          1.00 (reference)                                1.18 (1.11 to 1.26)   1.50 (1.37 to 1.64)   1.81 (1.65 to 1.98)   \<0.001
  Multivariable adjusted[\*](#t2n1){ref-type="table-fn"}                1.00 (reference)                                1.15 (1.08 to 1.23)   1.39 (1.27 to 1.52)   1.56 (1.43 to 1.71)   \<0.001
  Further adjusted for lifestyle[†](#t2n2){ref-type="table-fn"}         1.00 (reference)                                1.16 (1.09 to 1.24)   1.38 (1.26 to 1.51)   1.54 (1.41 to 1.69)   \<0.001
  Further adjusted for body mass index[‡](#t2n3){ref-type="table-fn"}   1.00 (reference)                                1.07 (1.00 to 1.14)   1.11 (1.02 to 1.22)   1.17 (1.07 to 1.28)   \<0.001
  **Pooled results**                                                                                                                                                                      
  Age adjusted                                                          1.00 (reference)                                1.11 (0.98 to 1.25)   1.37 (1.14 to 1.64)   1.66 (1.41 to 1.96)   \<0.001
  Multivariable adjusted[\*](#t2n1){ref-type="table-fn"}                1.00 (reference)                                1.09 (0.99 to 1.21)   1.28 (1.09 to 1.51)   1.47 (1.32 to 1.65)   \<0.001
  Further adjusted for lifestyle[†](#t2n2){ref-type="table-fn"}         1.00 (reference)                                1.11 (1.00 to 1.22)   1.28 (1.10 to 1.49)   1.46 (1.33 to 1.62)   \<0.001
  Further adjusted for body mass index[‡](#t2n3){ref-type="table-fn"}   1.00 (reference)                                1.04 (1.00 to 1.09)   1.09 (1.02 to 1.17)   1.16 (1.09 to 1.24)   \<0.001

Multivariable adjusted hazard ratios were estimated from Cox proportional hazards models. All covariates, except ethnicity and family history of diabetes, were time varying.

Adjusted for age, calendar year, ethnicity (white, African-American, Hispanic, or Asian), marital status (married, divorced/separate/single, or widowed); living status (alone or not), family history of diabetes (yes/no), menopausal status (premenopausal or postmenopausal; never, past, or current menopausal hormone use), oral contraceptive use (never, past, or current use (NHS II only)), alcohol drinking (0, 0.1-4.9, 5.0-14.9, 15.0-19.9, 20.0-29.9, or ≥30 g/day), and total energy intake (fifths).

Further adjusted for smoking status (never smoker, former smoker, current smoker: 1-14, 15-24, or ≥25 cigarettes/day), physical activity (0, 0.1-1.0, 1.0-3.5, 3.5-6.0, or ≥6 hours/week), and Alternate Healthy Eating Index score (fifths).

Further adjusted for body mass index (\<21, 21-24.9, 25-29.9, 30-35, or ≥35).

When we examined the association of individual lifestyle factors with risk of type 2 diabetes, current smoking and a higher body mass index were positively associated with risk of type 2 diabetes (supplementary table A). However, a higher AHEI score and a higher level of moderate to vigorous physical activity were both associated with a lower risk of type 2 diabetes (supplementary table A). When considered together, compared with participants with one or fewer unhealthy lifestyle factors, a combination of at least three unhealthy lifestyle factors was associated with more than a fivefold risk (hazard ratio 5.39, 3.65 to 7.95) for type 2 diabetes (supplementary table A).

When we examined the association of joint categories of duration of rotating night shift work and the number of unhealthy lifestyle factors, within each category of rotating night shift work duration, each additional unhealthy lifestyle factor was consistently associated with a higher risk of type 2 diabetes. Across all levels of unhealthy lifestyle factors, we documented a consistent and graded increasing risk of type 2 diabetes with increasing duration of rotating night shift work. Compared with the reference group (those having no exposure to rotating night shift work and one or fewer unhealthy lifestyle factors), the multivariable adjusted hazard ratio for type 2 diabetes among women with at least 10 years of rotating night shift work duration and with at least three unhealthy lifestyle factors was 7.04 (5.29 to 9.37) ([fig 1](#f1){ref-type="fig"}). Tests for multiplicative interactions were not significant (P\>0.67).

![Pooled multivariable adjusted hazard ratios of type 2 diabetes according to joint categories of rotating night shift work duration and number of unhealthy lifestyle factors. Multivariable adjusted for age, calendar year, ethnicity (white, African-American, Hispanic, or Asian), marital status (married, divorced/separate/single, or widowed), living status (alone or not), family history of diabetes (yes/no), menopausal status (premenopausal or postmenopausal; never, past, or current menopausal hormone use), oral contraceptive use (never, past, or current use (NHS II only)), alcohol drinking (0, 0.1-4.9, 5.0-14.9, 15.0-19.9, 20.0-29.9, or ≥30 g/day), and total energy intake (fifths). All covariates, except ethnicity and family history of diabetes, were time varying. Unhealthy lifestyles include current smoking, physical activity levels \<30 min/day at moderate to vigorous intensity, diet in bottom three fifths of Alternate Healthy Eating Index score, and body mass index ≥25](shaz043817.f1){#f1}

We documented a significant additive interaction between duration of rotating night shift work and number of unhealthy lifestyle factors (P\<0.001). The multivariable adjusted hazard ratios for type 2 diabetes were 1.31 (1.19 to 1.44) per five year increment of rotating night shift work duration, 2.30 (1.88 to 2.83) per unhealthy lifestyle factor, and 2.83 (2.15 to 3.73) for their joint effect, with a relative excess risk due to interaction of 0.20 (0.09 to 0.48) ([table 3](#tbl3){ref-type="table"}). The attributable proportions of the joint effect were 17.1% (95% confidence interval 14.0% to 20.8%) for rotating night shift work alone, 71.2% (66.9% to 75.8%) for unhealthy lifestyle alone, and 11.3% (7.3% to 17.3%) for their interaction. The relative excess risk due to the interaction was relatively higher in the NHS II (0.32, 0.21 to 0.42) than in the NHS (0.13, 0.09 to 0.17).

###### 

Attributing effects to additive interaction between rotating night shift work and lifestyle on risk of type 2 diabetes

                                                                           Nurses' Health Study   Nurses' Health Study II   Pooled results[\*](#t3n1){ref-type="table-fn"}   P for heterogeneity[†](#t3n2){ref-type="table-fn"}
  ------------------------------------------------------------------------ ---------------------- ------------------------- ------------------------------------------------ ----------------------------------------------------
  **Main effects, hazard ratio (95% CI)**                                                                                                                                    
  Shift work duration (per 5 years)                                        1.25 (1.15 to 1.37)    1.38 (1.24 to 1.54)       1.31 (1.19 to 1.44)                              0.17
  Unhealthy lifestyle[‡](#t3n3){ref-type="table-fn"} (per unit increase)   2.08 (1.98 to 2.18)    2.56 (2.43 to 2.70)       2.30 (1.88 to 2.83)                              \<0.001
  Joint effect                                                             2.46 (2.37 to 2.55)    3.26 (3.15 to 3.37)       2.83 (2.15 to 3.73)                              \<0.001
  **Relative excess risk (95% CI) due to interaction**                                                                                                                       
  Relative excess risk due to interaction                                  0.13 (0.09 to 0.17)    0.32 (0.21 to 0.42)       0.20 (0.09 to 0.48)                              \<0.001
  P value                                                                  \<0.001                \<0.001                   \<0.001                                          \-
  **Attributable proportion, % (95% CI)**                                                                                                                                    
  Shift work                                                               17.3 (11.9 to 22.7)    16.9 (12.7 to 21.1)       17.1 (14.0 to 20.8)                              0.91
  Unhealthy lifestyle[‡](#t3n3){ref-type="table-fn"}                       73.7 (68.1 to 79.2)    69.1 (64.5 to 73.7)       71.2 (66.9 to 75.8)                              0.22
  Additive interaction                                                     9.0 (7.2 to 10.9)      14.0 (11.4 to 16.5)       11.3 (7.3 to 17.3)                               0.002

Multivariable adjusted for age, calendar year, ethnicity (white, African-American, Hispanic, or Asian), marital status (married, divorced/separate/single, or widowed); living status (alone or not), family history of diabetes (yes/no), menopausal status (premenopausal or postmenopausal; never, past, or current menopausal hormone use), oral contraceptive use (never, past, or current use (NHS II only)), alcohol drinking (0, 0.1-4.9, 5.0-14.9, 15.0-19.9, 20.0-29.9, or ≥30 g/day), and total energy intake (fifths); all covariates, except ethnicity and family history of diabetes, were time varying.

Results were pooled by using random effects model.

Tests for heterogeneity between studies were quantified using Cochrane Q statistic and I^2^ statistic.

Unhealthy lifestyles include current smoking, physical activity levels \<30 min/day at moderate to vigorous intensity, diet in bottom three fifths of Alternate Healthy Eating Index score, and body mass index ≥25.

In sensitivity analyses, the joint associations of rotating night shift work and lifestyle risk factors with type 2 diabetes were slightly attenuated, but they remained significant after additional adjustment for prevalent hypertension, hyperlipidemia, and drug treatment for high blood pressure and high lipid concentrations (supplementary table B). When we restricted cases of type 2 diabetes to those with symptoms, results were similar to those from the main joint analysis (supplementary figure B). When we used the baseline lifestyle score in place of the updated lifestyle score, the joint association was attenuated but remained consistent with the main joint analysis (supplementary figure C). Results were similar when we use the weighted lifestyle score by assigning weights to each lifestyle factor (supplementary table C). When we removed body mass index from the unhealthy lifestyle score, the joint associations of rotating night shift work and lifestyle risk factors with type 2 diabetes were observed among the overall, body mass index below 25, and body mass index 25 or higher populations, without evidence of an additive or multiplicative interaction (supplementary figure D). When we used fixed effects instead of random effects models, results were not materially altered.

Discussion
==========

In two large cohorts of US nurses, duration of rotating night shift work and unhealthy lifestyle (current smoking, a low quality of diet, low physical activity levels, and overweight or obesity) were independently and jointly associated with a higher risk of type 2 diabetes. The proportions of the joint association were 17% for duration of rotating night shift work alone, 71% for unhealthy lifestyle alone, and 11% for an additive interaction between rotating night shift work duration and unhealthy lifestyle.

Comparison with other studies
-----------------------------

Our findings highlight the additive interaction between rotating night shift work and unhealthy lifestyle on risk of type 2 diabetes. In particular, if both rotating night shift work and unhealthy lifestyle were present, this would result in an additional 11% of type 2 diabetes cases. From a public health standpoint, because 71% of the joint effect could be attributed to an unhealthy lifestyle, our findings underscore the importance of maintaining a healthy lifestyle. Our results are consistent with previous findings from our group,[@ref9] [@ref25] as well as with public health recommendations.[@ref32] In this analysis, the main effects of rotating night shift work, unhealthy lifestyles, and their joint interaction were relatively stronger in the NHS II than in the NHS, which may partly be because participants in the NHS were older than those in the NHS II. Consistent with our findings, a previous study also found that the association between years of shift work and type 2 diabetes was stronger in younger than older participants.[@ref33] Similarly, we also observed that the effects of modifiable lifestyle factors on mitigating type 2 diabetes and hypertension tended to decrease with age in our previous studies.[@ref25] [@ref34] Another potential explanation for larger effect sizes in the NHS II could be that nearly all women in the NHS, on average at age 55 years, had quit rotating night shift work at study baseline, whereas more than 21% of women in the NHS II were still in rotating night shift work schedules. Results from previous studies suggested that the deleterious health consequences of shift work decreased with increasing time from when shift work ceased.[@ref35] [@ref36]

We observed a higher body mass index and higher smoking rates among women with rotating night shift work, in line with previous epidemiologic studies, including our studies in the NHS and NHS II cohorts.[@ref8] [@ref14] [@ref16] However, in this study, we found no appreciable differences in quality of diet and amount of physical activity across categories of duration of rotating night shift work. The evidence for the effect of shift work on physical activity presents a mixed picture. Previous studies have reported negative, positive, or no effects on levels of physical activity in shift workers compared with day workers.[@ref14] [@ref18] [@ref37] With respect to quality of diet, a few studies observed alterations in eating habit and specific nutrient intake among shift workers relative to day workers.[@ref17] [@ref18] [@ref19] However, owing to limitations in study design and variability in defining shift work and assessing dietary intake, results are difficult to compare between studies. In our previous study in the NHS II, history of night shift work was not associated with quality of diet,[@ref14] but no study has investigated the overall diet quality across different shift work categories. Consistent with our previous study and another study among US black women,[@ref8] [@ref33] adjustment for lifestyle factors did not attenuate the association between rotating night shift work and type 2 diabetes.

Previous evidence on the health effect of lifestyle factors in conjunction with shift work is sparse. In this study, we found that the highest risk for type 2 diabetes was among women with at least 10 years of rotating night shift work duration and at least three unhealthy lifestyle factors compared with women who had no history of rotating night shift work and one or fewer unhealthy lifestyle factors. Unhealthy lifestyle factors were consistently associated with higher risk of type 2 diabetes across each stratum of rotating night shift work duration, emphasizing the importance of a healthy lifestyle in preventing type 2 diabetes. This study is limited to shift work in US female nurses, and the specific shift work pattern examined is rotating night shift work. Shift work patterns can differ between professions and countries and are differentially associated with risk of type 2 diabetes.[@ref38] [@ref39] The generalizability of our findings to other populations with other shift work patterns may be limited, and further studies are warranted to replicate our findings in other populations with rotating night shift work and other shift work patterns.

Potential mechanisms
--------------------

Rotating night shift work and related unhealthy lifestyles are likely to share several possible mechanisms involved in increasing the risk of type 2 diabetes. For example, rotating night shift work alters sleep and circadian rhythms that play important roles in daily normal metabolic function, by regulating patterns of energy expenditure and hormones involved in energy metabolism such as leptin, ghrelin, thyrotropin, insulin, and melatonin.[@ref40] [@ref41] [@ref42] Disruption of sleep and circadian rhythms could contribute to insulin resistance, impaired glucose regulation, and development of type 2 diabetes.[@ref43] [@ref44] [@ref45] [@ref46] Accumulating evidence also suggests that sleep and circadian rhythms are influenced by lifestyle behaviors such as smoking,[@ref47] [@ref48] [@ref49] diet,[@ref50] [@ref51] and physical activity.[@ref52] [@ref53] Recent studies have found that circadian related genetic variants could modify the effect of dietary carbohydrate intake on cardiometabolic traits and the association of sleep duration with body mass index and macronutrient intake.[@ref54] [@ref55] Additionally, given the increasing evidence underlying the role of gut microbiota and microbial metabolites in the development of type 2 diabetes,[@ref56] [@ref57] [@ref58] [@ref59] [@ref60] changes in gut microbiota have been proposed as a potential pathway linking shift work and metabolic diseases because sleep loss and circadian misalignment could disrupt the intestinal microbiota.[@ref61] [@ref62] [@ref63] Furthermore, lifestyle behaviors, especially diet and physical activity, could affect gut microbial diversity and metabolites,[@ref64] [@ref65] [@ref66] [@ref67] which may modify the association between rotating night shift work and risk of type 2 diabetes. Further studies are needed to explore the pathways underlying the interaction between rotating night shift work and lifestyle factors on risk of type 2 diabetes.

Strengths and limitations of study
----------------------------------

The major strengths of our study include the prospective design, large sample size, repeated measures of lifestyle and body weight, and long term follow-up. To our knowledge, this is the first study to investigate how rotating night shift work and modifiable lifestyle factors are jointly related to risk of type 2 diabetes. The study also has certain limitations. Our estimates of joint effect and additive interactions were assessed on a relative scale, derived from the widely used Cox proportional hazards model. The test and measures of interactions depended neither on follow-up time nor on the covariates, but the Cox model relied on the proportional hazards assumption and could be biased, especially if confounding was present. We carefully controlled for confounding, using time varying covariates. In addition, the presence of a statistical additive interaction does not necessarily imply the presence of a causal interaction. The participants were all female nurses and mostly white, which limits the generalizability of our findings to other populations, particularly men and other racial or ethnic groups. However, the relative homogeneity of this study population in educational attainment and socioeconomic status enhances the internal validity of our findings. Because information on rotating night shift work and lifestyles was self reported, potential exists for exposure misclassification. However, all our questionnaires were validated, and the high educational status of the study participants ensures that we are obtaining quality data. Furthermore, if measurement error does exist, the prospective design of our study indicates that such bias would likely be random with respect to outcome status, resulting in attenuation of the effect estimates and thus underestimation of the true associations. Additionally, the assessments of rotating night shift work lacked information about actual night working time and work stress, both of which have been shown to be independently associated with risk of type 2 diabetes.[@ref68] [@ref69] We also did not have data on permanent night shift work over time and could have included participants with such schedules in the reference group. Although the lifestyle factors were differentially associated with risk of type 2 diabetes, we assigned equal weight to each lifestyle factor in our unhealthy lifestyle score. However, our analysis based on a weighted score yielded similar results. Finally, in the NHS, we had only baseline assessment of rotating night shift work.

Conclusion and public health implications
-----------------------------------------

In two large US cohorts of female nurses, both rotating night shift work and unhealthy lifestyle were associated with a higher risk of type 2 diabetes, and the joint effect was higher than the addition of the risks associated with each individual factor. Our findings suggest that most cases of type 2 diabetes could be prevented by adherence to a healthy lifestyle, and the benefits would be larger in rotating night shift workers. Further studies are warranted to confirm our findings and clarify the underlying mechanisms.

### What is already known on this topic

1.  Unhealthy lifestyle factors are often reported among rotating night shift workers

2.  Both rotating night shift work and unhealthy lifestyle have been associated with a higher risk of type 2 diabetes

### What this study adds

1.  Duration of rotating night shift work and unhealthy lifestyle were independently and jointly associated with a higher risk of type 2 diabetes

2.  Most cases of type 2 diabetes could be prevented by adherence to a healthy lifestyle, and the benefits could be larger in rotating night shift workers
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